Abstract In this contribution, we study a new mechanism of the formation of PCDD/F polychlorinated dibenzo-p-dioxins and polychlorinated dibenzofurans (PCDD/F) from chlorinated toluenes, using quantum chemical calculations. Pathways involving 2-chlorotoluene incur high activation barriers which diminish its direct role in the formation of PCDD/F. Alternatively, the 2-chlorobenzyl and 2-methylphenoxy radicals, which are important intermediates in the early stages of the 2-chlorotoluene oxidation, yield PCDD/F through a less energy demanding pathway. The proposed mechanisms resemble the well-established pathways for the oxidative coupling of chlorinated phenols. It is predicted that the presence of an ortho methyl-bearing site facilitates initial coupling over that of an ortho chlorinebearing site. Furthermore, chlorinated toluenes may initially be oxidized to phenoxy and phenolic intermediates to form PCDD/F. Results presented herein should be instrumental for gaining a better understanding of general formation routes of PCDD/F.
Introduction
Polychlorinated dibenzo-dioxin and dibenzofurans (PCDD/Fs) are notorious persistent organic pollutants. Their adverse effects on human health as well as on the environment is very well established [1] . PCDD/Fs are produced as unwanted products in almost all thermal systems when a source of chlorine is present [2] . They are formed along three major corridors; namely coupling of gas-phase precursors, burn off of fly ash (i.e., de novo process) and catalytic-assisted condensation of precursors [3] . The homogeneous pathway comprising reactions of structurally related precursors typically operates in the temperature window between 400 and 800°C. Various compounds, as simple as chlorinated C1-C3 [4] species and as complex as pesticides [5] , can act as potent precursors during the homogenous formation of PCDD/Fs. The most widely investigated compounds are chlorinated monocyclic aromatic compounds such chlorobenzenes and chlorinated phenols. The foremost steps in the homogenous formation of PCDD/F from structurally related precursors involve self-condensation of the precursors forming direct intermediates, cyclization of the initial intermediates to produce PCDD/F and chlorination/dechlorination reactions [6] . In fact, the chemistry underlying the oxidative coupling of chlorophenoxy radicals/chlorophenols leading to the formation of PCDD/F has been thoroughly investigated [3] . The overall yield of PCDD/ Fs in the gas phase depends on various operational factors especially, oxygen concentration, temperature, and the chlorine load. Subsequent chlorination/ dechlorination reactions affect significantly the final homologue distribution of PCDD/Fs congeners [3] .
While the role of various precursors in the formation of PCDD/Fs have been extensively investigated over the last few decades, the potentials of many other chlorinated substituted benzene compounds have not been fully elucidated. In this regard, toluene (C 6 H 5 CH 3 ) is produced in appreciable concentrations in many combustion processes such as coal utilization and incineration of solid municipal wastes [7] . Toluene is also a major emission pollutant from motor vehicles and petrol refineries [8] . Based on the appreciable concentration of toluene and its chlorinated congeners [9] in many thermal systems, these may serve as building blocks for the formation of PCDD/F in analogy to the production of PCDD/Fs from chlorophenols. To our knowledge, chlorinated toluene has never been put forward as a significant precursor for the formation of PCDD/F. To this end, we report in this study a theoretical insight into pathways of the formation of PCDD/Fs from toluene, chlorotoluene and their derived benzyl radicals.
Computational details
Electronic structure calculations were carried out with the Gaussian 03 suite of programs [10] . Optimized geometries and harmonic vibrational frequencies of all structures were calculated using the density functional theory of B3LYP [11] with the basis set of 6-311 ? G(2d,p) [12] with final energies refined by performing single point energy calculations at the theoretical level of B3LYP/GTLarge [13] .
The stationary points located were either minima or transition states (TS) determined by analysis of the vibrational frequency, where first order saddle points contain one and only one imaginary frequency along the reaction coordinate. Intrinsic reaction coordinate calculations were carried out when necessary to match the transition structures with their reactants and products. Calculations of pressuredependent reactions rate constants were carried out according to the RRKM/ME theory [14] as implemented in the ChemRate code [15] . Values of Lenard-Jones parameters were adopted from the benzylperoxy system [16] ; k/e = 7.0 Å and r = 500 K. The utilized bath gas is Ar with collisional energy transfer is described with an DE down value at 650 cm -1 .
Results and discussion
Formation of direct precursors for the formation of PCDD/F from the oxidation of chlorinated toluenes
As a representative compound for chlorinated toluenes, we calculated bond dissociation energies (DE at 0 K) for the three distinguishable bonds in 2-chlorotoluene (C 6 H 4 ClCH 3 , 2-CT) molecule as:
Accordingly, the formation of the resonance-stabilized structure of 2-chlorobenzyl is slightly preferred over the rupture of the C-Cl bond. Thus, a peroxy adduct of 2-chlorobenzyl is produced in the early stages of the oxidation of the 2-CT molecule. Further decomposition of this adduct is investigated based on the mechanism for the unimolecular decomposition of benzylperoxy [16] . Fig. 1 shows the plausible exit pathways for the decomposition of 2-chlorobenzyl peroxy adduct (P1).
As illustrated in Fig. 1 , the unimolecular isomerization of P1 branches into four channels. In the first channel, bridging of the outer oxygen atom of the peroxy group across the benzene ring requires 36.1 kcal/mol of activation energy (via TSP1). A C-C bond fission through TSP3 with a modest reaction barrier yield the 2-chlorophenoxy radical in a well-depth of 45.8 kcal/mol. The second channel involves the direct rupture of the O-O peroxy bond and it is found to be endoergic by 59.5 kcal/mol. While this channel is expected to be of negligible importance at low temperature, the P2 moiety can also undergo bimolecular reactions involving abstractions by the outer O in the peroxy group. Intermolecular isomerization through the four-centered transition structure (TSP2) with a barrier of 38.2 kcal/mol produces the experimentally detected 2-chlorobenzaldehyde in addition to the chain propagating radical OH. Aromatic H abstraction could occur via the six-centered transition structure of TSP4. The barrier for this channel amounts to 30.7 kcal/mol and its product, the P4 adduct, resides 25.3 kcal/mol above the entrance channel. P4 can isomerize either into the phenolic moiety of P5 through a reaction barrier of 52.1 kcal/mol (TSP5) or into the two-membered ring structure of P6 with a calculated reaction barrier of 48.2 kcal/mol (TSP6). Based on the pathways from Fig. 1 , the oxidation of 2-CT produces two potential precursors, the 2-chlorophenoxy radical and the thermodynamically favored phenolic moiety of P5. As the activation barriers of the initial channels in the decomposition of the 2-chlorobenzyl peroxy adduct are similar, the pathways into 2-chlorophenoxy, phenolic moiety (P5) and 2-chlorobenzaldehyde are expected to be of competitive importance.
As in the 2-CT molecule the bond dissociation energy between aromatic C and Cl is only 3.8 kcal/mol larger than that between the methyl C and H, the 2-methylphenyl radical could also be formed. Further reaction of the methylphenyl radical with the oxygen molecule affords 2-methylphenylperoxy radicals. Thus, the 2-methylphenylperoxy adduct can be regarded as an important intermediate in the initial oxidation of the 2-CT molecule. Moreover, the methylphenyl radical has been shown to be an important intermediate from the unimolecular rearrangement of the methylbenzoxy radical; viz., an initial major adduct in the oxidation of toluene [18] . Additionally, methylphenoxy radicals can also be formed via H abstraction reactions involving the peroxy moiety in the parent 2-methylphenylperoxy adduct. It is expected therefore that appreciable concentrations of methylphenoxy radicals may lead to the formation of PCDD/F.
It is well known that the peroxy radicals become important combustion intermediates in the low-temperature combustion (500-1,000 K) with the R-OO bond energy typically in the range of 30.0-40.0 kcal/mol. The calculated R-OO bond energy in the 2-chloro-benzyl peroxy radical is found to amount to 14.5 kcal/mol. This value is very close to the corresponding R-OO bond energy in the benzylperoxy system calculated at the same level of theory [14] . It follows that the reverse dissociation reaction into 2-chlorobenzyl radical and oxygen molecule requires significantly less energy than the other four initial exit channels shown in Fig. 1 . It will be insightful to compare between the benzylic peroxy systems and alky peroxy systems. In the latter, the R-OO bond energy is around 35.0 kcal/mol [17] . Owing to a stronger R-OO bond, unimolecular isomerization in alkyl proxy systems dominates the backward dissociation reaction. The shallow well-depth of the 2-chloro-benzyl peroxy radical with respect to its separated reactants diminishes the importance of unimolecular isomerization channels; and hence the overall significance of the 2-chloro-benzyl peroxy radical in the low temperature oxidation of 2-chlorotoluene. Nevertheless, 2-chloro-benzyl peroxy radical might be a longlived species to produce the P2 radical through bimolecular reactions with RH species (P1 ? RH ? P 2 ? OH ? R). In order to assess the relative importance of each branching channel for the 2-chlorobenzyl peroxy adduct, we calculate apparent reaction constants at 1 atm for the isomerization of P1 into P3 and P4 in addition to its decomposition to 2-chlorobenzaldehyde. Arrhenius parameters fitted in the intermediate temperature range of 500-1,000 K are given in Table 1 for forward and reverse reactions. Inspection of the reaction rate constants in Table 1 reveals that the two isomerization reactions P1 ? P3 and P1 ? P4 are highly reversible and that the formation of 2-chlorobenzaldehyde molecule is predicted to be the most important unimolecular isomerization channel of P1.
Mechanism for the formation of PCDF
The presence of an oxygen-containing simple aromatic is a necessity in the mechanism of formation of PCDD/F. Benzene, phenyl radicals, phenoxy and orthoquinone methide are found to be important intermediates in the oxidation of toluene [18] . Furthermore, the phenoxy radical is an important initial intermediate from combustion of benzene; i.e., a major product from the oxidation of toluene. Accordingly, phenoxy, 2-chlorophenoxy and 2-methylphenoxy function as the oxygen-transfer species in the constructed mechanism.
Herein, we construct a mechanism for the formation of PCDD/F from coupling reactions involving various potential precursors and based on the well-established mechanism for the formation of PCDD/F from the oxidative coupling of phenol/ phenoxy systems.
First, the formation of dibenzofuran is investigated from the coupling of phenoxy and 2-CT in Fig. 2a . The combination of an oxygen-centred phenoxy radical with the 2-CT molecule produce two mesomers, i.e., A1 via the transition structure TSA3 and A2 via the transition structure TSA1. Geometries for all transition structures are depicted in Fig. 3 . The formation of A1 and A2 require activation energies of 26.4 and 24.0 kcal/mol, respectively. The formation of A1 and A2 is predicted to be endoergic by 19.1 and 16.4 kcal/mol, respectively. Bridging the C-C linkage from A1 to A5 should be hindered due the substantial energy barrier associated with the transition structure TSA5, viz., 106.0 kcal/mol. Expulsion of methane molecule from A5 would yield dibenzofuran only through an excessively high barrier of 138.0 kcal/mol above the entrance channel, via the transition structure TSA5.
The departure of a methyl group from A2 is found to be barrierless and thermodynamically neutral (i.e., 0.3 kcal/mol that is most likely to reside within the computational accuracy limit). Ring closure of A3 into A4 is encountered with an energy barrier of 102.2 kcal/mol characterized by the transition structure TSA2. The formation of A4 is predicted to be highly endoergic by 97.4 kcal/mol, in reference to the entrance channel. Direct expulsion of the out-of-plane H atom from A4 affords the dibenzofuran molecule. Due to the high energy demand of the mechanism for the combination of phenoxy and the 2-CT molecule, it is highly unlikely that pathways illustrated in Fig. 2a contribute significantly to the formation of PCDF.
In Fig. 2b , the mechanism for the formation of 2-chlorodibenzofuran isomer is investigated for the closed shell coupling of carbon centered phenoxy radical with a 2-chlorobenzyl radical at the position of its ortho C-H group. Initial coupling via TSA6 requires a modest barrier of 9.9 kcal/mol and the formed bis-keto mesomer resides 4.5 kcal/mol above the entrance channel. Enolization step A6 to A7 is exoergic by 15.1 kcal/mol and occurs through a barrier of 55.6 kcal/mol via TSA7. In the next step, the hydroxyl H atom is transferred to the CH 2 group forming the intermediate A8 via a trivial barrier of 5.5 kcal/mol imposed by TSA8.
Structure A8 resides 55.2 kcal/mol below the entrance channel. Despite several attempts, we were unable to find a transition structure connecting A6 and A8 directly. Ring closure of A8 produces the intermediate A9 in an exothermic reaction through a barrier of 13.6 kcal/mol (TSA9). The overall energy barrier for the entire mechanism is associated with the energy barrier of TSA10, i.e., 59.2 kcal/mol. The final products, 2-chlorodibenzofuran and CH 4 , are in an energy well of depth 58.6 kcal/mol. The energetics calculated for the phenoxy ? 2-chlorobenzyl system is in relative agreement with the corresponding values calculated for the selfcondensation of 2-chlorophenoxy radicals. For instance, the overall activation barrier for the formation of 4,6-dichlorodibenzofuran from the self-condensation of two 2-chlorophenoxy radicals is found to be 53.0 kcal/mol [3] ; i.e., very similar to the corresponding value in Fig. 2a of 55.6 kcal/mol. Additionally, the overall activation barrier is significantly lower than that of phenoxy ? 2-CT. This demonstrates the importance of the 2-chlorobenzyl radical as a major precursor for the formation of PCDF. Fig. 2c shows pathways for the formation of dibenzofuran and 1-chlorodibenzofuran from the closed-shell coupling of a 2-CT and a 2-chlorophenol (2-CP) molecule. In the upper pathway, the oxydibenzene structure of A10 is formed through an activation barrier of 57.6 kcal/mol via TSA11 in a slightly endoergic The subsequent mechanism leading to the final products exhibits substantial energy barriers. Thus, it is unlikely that the coupling of 2-CP and 2-CP molecules contributes to the formation of PCDF. Fig. 4 depicts plausible routes for the formation of PCDF from the cross coupling sites of both 2-methylphenoxy radicals at the carbon-hydrogen centered radical mesomers. A unimolecular-derived pathway into 4,6-dimethyldibenzofuran is shown in Fig. 4a . The barrierless formation of the initial coupling product of the di-keto dimer (M1) is slightly exoergic. A single hydrogen atom transfer from the C-C bridge in M1 into the neighboring oxygen keto atom marks the overall activation barrier of the entire pathway via TSM1. The barrier of this hydrogen transfer process is found to amount to 44. The open-shell reaction mechanism shown in Fig. 4b is brought about by OH radicals that should be readily available under oxidative conditions. Abstraction of one H atom from the C-C bridge in M1 occurs with a trivial reaction barrier of 1.5 kcal/mol (TSM6) with respect to its preceding reactants (OH and M1). Then, the remaining H atom on the C-C bridge migrates to the neighboring oxygen atom with a barrier of 46.7 kcal/mol. This barrier is close to the corresponding value found in the closed-shell pathway. However, it is 15.7 kcal/mol lower than the separated reactants (OH and two 2-methylphenoxy radicals). Subsequent steps into the 4,6-dimethyldibenzofuran moiety are highly exoergic with rather modest reaction barriers. Based on the facile transformation of two 2-methylphenoxy radicals into a dibenzofuran moiety assisted by OH radicals, it is anticipated that these pathways will contribute significantly to the yield of PCDF.
Mechanism of formation of PCDD
As discussed earlier, the 2-methylphenoxy radical is expected to be an important intermediate in the initial oxidation of the 2-CT molecule. The mechanism presented here stems from the 2-methylphenoxy radical, as the most probable precursor for the formation of PCDD in our system. Fig. 5a illustrates pathways for the formation of PCDD from the selfcondensation of two 2-methylphenoxy radicals. Two pre-dioxin intermediates can be initially formed, D1 and D2. These intermediates are formed upon the attack of phenolic oxygen on an ortho hydrogen and methyl bearing sites, in the other radical in exoergic reactions of 12.2 and 8.2 kcal/mol. The formation of these two intermediates is predicted to take place without encountering discrete TS. The pivot hydrogen in D1 and methyl in D2 could easily depart these two moieties, either by self-expulsion or through bimolecular reactions involving the radical pool. Nevertheless, we only consider here direct fissions of C-H and C-CH 3 bonds in D1 and D2 to produce D3 and D4 intermediates in endoergic reactions of 51.8 and 35.0 kcal/mol, respectively. Ring closures of D3 and D4 afford D5 and D6 intermediates, respectively, through very similar reactions barriers of 27.7 kcal/mol (TSD1) and 26.3 kcal/mol (TSD2). Finally, the out-of-plane CH 3 groups could depart D5 and D6 moieties through TSD3 and TSD4 climbing modest reaction barriers of 21.6 and 16.2 kcal/mol, respectively. It is worth noting the overall energy change for the mechanism in Fig. 5a could be greatly reduced when considering bimolecular reactions in an analogy to the finding of the open-shell formation of PCDF versus the corresponding closed-shell formation (Fig. 4) . Overall, energy barriers for reactions shown in Fig. 4 match the corresponding values for the system of self-coupling of 2-chlorophenoxy radicals; most notably for the enolization and water elimination steps. Fig. 5b displays pathways for the formation of moieties of PCDD from the selfcondensation of two 2-chloromethylphenoxy radicals. The aim is to compare the effect of chlorine atom in facilitating initial coupling/ring-closures with that of the methyl group. The initial coupling product of D7 formed upon attack on a methyl ortho site is thermodynamically preferred to coupling at a chlorine ortho bearing site, i.e., -6.5 versus 21.3 kcal/mol. It is found that the chlorine atom is subsequently ejected upon formation of an ether linkage. The D8 intermediate can undergo two cyclization reactions via TSD8 and TSD9 toward methyl and chlorine bearing sites, respectively, with very similar reaction energies (49.5 versus 49.0 kcal/mol). The corresponding ring-closure reactions, from the D9 intermediate, also exhibit very similar activation barriers. This indicates that the presence of a methyl in the ortho position facilitates the initial coupling process over that of a chlorine in the ortho position. However, both positions incur similar activation barriers in the subsequent ring-closure step. Fig. 5c shows that a pathway from the 2-methylphenoxy radical and the 2-CP molecule is unlikely to contribute to the formation of PCDDs in view of the excessive energy barrier for the elimination of the methane molecule via TSD11 (97.4 kcal/mol) in the first step. The striking difference between reaction pathways shown in Fig. 5 and analogous steps in the system of two 2-chlorophenoxy systems [3] is that ring-closure steps in the former requires significantly higher energy barrier.
Conclusions
Pathways involving 2-chlorotoluene molecule and phenoxy radical to yield dibenzofuran are found to be hindered in view of their sizable activation energies. The most feasible pathways are expected to proceed through 2-chlorobenzyl radicals and 2-methylphenoxy radicals, major initial intermediates from the initial oxidation of 2-chlorotoluene. Closed and open shell reaction pathways for the formation of a dibenzofuran moiety are found to occur via accessible energy steps. The reaction potential energy surface is mapped out for the formation of dibenzo-pdioxin moieties from self-condensation of 2-methylphenoxy radicals. As toluene (and its substituted isomers) is formed invariably from the oxidation of all aromatics, mechanistic pathways investigated in this study should provide important information on a previously unknown source of PCDD/F.
